A ctive cigarette smoking is well recognized to enhance many vascular diseases, including atherosclerosis and intimal hyperplasia, although not to the extent that it increases the risk of abdominal aortic aneurysms (AAA).
A ctive cigarette smoking is well recognized to enhance many vascular diseases, including atherosclerosis and intimal hyperplasia, although not to the extent that it increases the risk of abdominal aortic aneurysms (AAA). 1 In addition, the acceleration of arterial occlusive disease processes by tobacco smoke (TS) is thought to substantially abate shortly after quitting smoking. 2 However, the increased risk of development of an AAA after TS exposure appears to persist for decades even in the absence of ongoing smoking.
Based on prolonged periods of smoke exposure in mice during studies of smoke-induced pulmonary disease, it has been recognized that smoke exposure alone did not appear to appreciably alter aortic morphology in wild-type (WT) mice. 3 However, in a modified mouse model of AAA, smoke exposure started shortly before elastase perfusion (EP) and continued throughout AAA development caused a much larger aneurysm to develop than EP alone. 4 These AAAs were associated with increased matrix damage, particularly increased elastic fiber degradation, and these findings have been confirmed in other AAA models. 5 Others have shown in mice that antenatal exposure to TS can alter vascular physiology in the adult mouse in the absence of continued smoke exposure. 6 Mechanisms of aneurysmal degeneration have focused on the inflammation found prominently in the media of the AAA and matrix proteases, particularly metalloproteases (matrix metalloproteinase [MMP] ) with elastolytic activity. There have been divergent findings regarding the enhancement of MMP activity in the aortas of smoke-exposed animals. 4, 5 In this study, we looked to evaluate potential mechanisms of smoke-related AAA enhancement and determine whether the changes effected by smoke exposure are durable in the model.
Materials and Methods

Experimental Animals
In these experiments, 5 strains of mice were used, including WT 129/SvEv (Taconic, Hudson, NY) and C57/Bl6 (Jackson Labs, Bar Harbor, ME). MMP-9 −/− mice were bred at Washington University on both the 129/SvEv and the C57Bl/6 backgrounds, and MMP-12 −/− , December 2012 neutrophil elastase-deficient (NE − / − ), and Cathepsin-S −/− mice were bred at Washington University on the C57/Bl6 background. Throughout the experimental studies, all mice were allowed free access to food and water. Animals treated with doxycycline received a calculated dose of 30 mg/kg per day in their drinking water as previously described. 7 All experiments and animal care were conducted under protocols approved by the Washington University Animal Studies Committee.
Elastase-Induced AAAs
Adult male mice were subjected to transient perfusion of the abdominal aorta with elastase to induce AAAs, as previously described. 4 Briefly, after sedation with pentobarbital (1.5 mg/25g IP), the infrarenal aorta was exposed through a midline laparotomy and the external aortic diameter (AD) was measured under physiological blood pressure. The infrarenal aorta was temporarily isolated and perfused with a saline solution containing 0.07 U/mL of type I porcine pancreatic elastase (E-1250, Sigma, St. Louis, MO). All experiments were performed with a single porcine pancreatic elastase preparation derived from the same commercial source and lot. After aortic perfusion, the laparotomy was closed, and the animal returned to standard housing.
Smoke Exposure
C57Bl/6 mice were subjected to TS exposure according to a standard cigarette smoking protocol, as previously described. 4 Using specially designed cages, animals were exposed to the smoke from 3 University of Kentucky 2R4F research cigarettes (filter removed) for 1 hour per day for 6 days per week. Littermate mice exposed to smoke-free conditions with filtered air and maintained with identical diets during the same period of time served as controls for TS-exposed mice. During the course of these experiments, we observed no differences in periprocedural technical complications, tolerance for anesthesia, or immediate mortality between smoke-exposed and smoke-free mice.
Final AD Measurement and Specimen Collection
Two weeks after EP, mice were again anesthetized with intraperitoneal pentobarbital, the abdomen was reopened, and the final AD was measured. Animals were then humanely euthanized with intravenous pentobarbital (25mg), and the entire infrarenal aorta was harvested for RNA extraction, protein extraction, or histology.
Measurement of Urinary Cotinine
Urine was collected from the mice at perfusion while under anesthesia, or at harvest. Urine was stored sterile until assayed. The Salimetrics (State College, PA) competitive enzyme immunosorbant assay was used to measure the concentration of cotinine in these specimens. Diluent for all specimens and controls was substituted with Surine Urine Matrix solution (Dyna-Tek). Samples from mice actively exposed to TS were assayed at a dilution of 1:4; all other specimens were assayed neat.
Protein Assays
Aortas from mice exposed to TS for 6 weeks were harvested and the tissue was homogenized in 200 µL radio-immunoprecipitation assay (RIPA) buffer with protease inhibitor cocktail and incubated on ice for 45 minutes. The tubes were centrifuged at 10 000 rpm for 30 minutes at 4ºC and the supernatant collected.
To determine the concentration of thiobarbituric acid-reducing substances, 25 µL of the protein extract was assayed with thiobarbituric acid at 100º C for 1 hour (Cayman Chemicals), then absorbance at 530 to 540 nm was read on a plate reader. Final results were normalized to total protein concentration as determined by Bradford assay.
From each sample 25 µg of denatured protein was also separated on polyacrylamide by electrophoresis and then transferred to polyvinylidene fluoride membranes by electrophoresis. These membranes were incubated with antibody to Hemeoxygenase-1 (Santa Cruz Biotechnology, sc-1796) for 1 hour at room temperature. Membranes were then washed 3× and incubated with secondary antibody (donkey anti-goat horseradish peroxidase conjugated, Santa Cruz, sc-2056). Membranes were washed 3× and bound secondary antibody detected with enhanced chemiluminesence. Resulting images were digitized and bands quantified by densitometry.
Flow Cytometry
The abdominal aortas were removed from the mice, blood content was flushed, and the aortas were minced finely and shaken in 1 mL of DMEM medium supplemented with 10% fetal calf serum, 62.5 U/mL collagenase VIII (Sigma), and 0.625 U/mL Dispase (BD Biosciences) at 37°C for 1 hour. The spleen and periaortic lymph nodes were removed, cut into small pieces, and gently meshed on a tissue sieve. Cells were passed through a 70-μm cell strainer and cells were counted and analyzed on a BD FACScalibur (Becton Dickenson, CA). The antibodies used to identify leukocyte subpopulations included CD45, CD3, Ly6G, and f4-80. The green fluorescent protein (GFP) expressing cells were identified by their intrinsic fluorescence.
Leukocyte Harvest and Adoptive Transfer
Each spleen was homogenized through a 70-mm cell strainer into a sterile, buffered solution of 1:50 fetal calf serum, 5 mmol/L glutamine, and 10 mmol/L glucose with Pen/Strep antibiotic and 1.5 mmol/L EDTA. Peripheral blood was collected in EDTA. Bone marrow was collected from mouse femurs and tibias where the marrow was flushed from the bone with 10 mL of Roswell Park Memorial Institute (RPMI) 1640 with fetal calf serum through a 25-gauge needle. The whole marrow was then homogenized through a 20-gauge needle and syringe. The collected cells were then centrifuged, and the pellet was lysed with 3 mL of red blood cell lysis buffer (BioLegend, San Diego, CA). The cells were again centrifuged at 1200 rpm and 4°C for 10 minutes, and the resulting pellet was resuspended in 100 µL of buffered saline. The leukocyte preparations were combined into a 1-mL syringe. The recipient mouse was anesthetized briefly with isoflurane. The leukocyte preparation was injected into the retroorbital plexus via the outer canthus.
Electron Microscopy
Aortas were fixed by cardiac perfusion of 3% glutaraldehyde in 0.1 mol/L sodium cacodylate (pH 7.4). Aortas were trimmed to 1.5-mm rings and treated en bloc with osmium tetroxide, tannic acid, and uranyl acetate as previously described. 8 After dehydration through a graded series of methanol and infiltration with Epon, tissues were embedded in pure Epon and polymerized. Sections measuring 60 nm were cut and counterstained with 7% methanolic uranyl acetate and lead citrate and viewed using a Tecnai 12 transmission electron microscope at 120 kV.
Light Microscopy
Immediately after euthanasia, aortas from selected mice in each experimental group were perfusion-fixed with 10% neutral-buffered formalin, removed, and placed in fresh formalin for a minimum of 24 hours before processing for paraffin embedding. Sections were cut at 5 μm and mounted on glass slides. Slides were stained with hematoxylin and eosin to evaluate inflammatory cell infiltration or with Accustain Elastic Stain kit (HT25A-1KT; Sigma-Aldrich) to assess the degree of elastin degradation. Immunohistology slides were incubated with CD5 or B220 (BD Bioscience) antibody overnight, washed, and incubated with biotinylated goat anti-rat antibody followed by peroxidase-conjugated streptavidin, which was detected with 3,3ʹ-diaminobenzidine. Photomicrographs of sections were obtained using an Olympus BX60 light microscope.
Real-Time PCR and Gene Expression Analysis
Aortic tissue RNA samples were used to synthesize cDNA (Applied Biosystems; Foster City, CA). Each multiplex polymerase chain reaction (PCR) was performed with the predesigned TaqMan Primer and Probe with FAM dye of MMP-9 or MMP-12 (Applied Biosystems), and a custom designed primer pair and probe with VIC dye for β-actin (Forward Primer, CCCTAAGGCCAACCGTGAA; Reverse Primer, GCCTGGATGGCTACGTACATG; MGB Probe with VIC dye, ATGACCCAGATCATGT). Analysis was performed on a 7500 Fast Real-Time PCR System (Applied Biosystems).
Statistical Analyses
The change in AD between baseline and harvest are expressed as mean percentage increase from baseline (%ΔAD) ±SEM. Comparisons of the mean change in AAA size and mean protein data were analyzed using ANOVA. Where multiple comparisons were required for a single experiment, false discovery was limited by the use of Tukey HSD. For each animal the presence of an AAA at euthanization was defined as an increase in AD≥100% over the preperfusion AD. χ 2 (or Fisher exact test when average cell size was <5) was used to test for differences in the incidence of AAAs between groups. For analysis of PCR data, ANOVA was used to calculate the mean relative expression (ΔΔCt) of the target MMP to β-actin, and the data were expressed as 2 −ΔΔCt with 95% CI. 9 All analyses were performed with JMP statistical software (SAS; Cary, NC) with P<0.05 considered significant.
Results
Protease Inhibition or Deficiency Does not Prevent Enhancement of AAA by Smoking
The %ΔAD at day 14 after EP among the untreated smokefree mice (n=20) was 126±3%. Nonspecific MMP inhibition with doxycycline 4 (n=9) significantly reduced aneurysmal dilation (114±5%; P<0.05).
The addition of TS exposure (n=18) before and after EP was associated with a significant increase in dilatation (141±4%; P=0.04) compared with the smoke-free mice. Unlike the smoke-free animals, doxycycline treatment in animals concomitantly exposed to TS (n=11) did not result in a reduction in aneurysmal dilatation. The aortic dilatation in this group was comparable with TS-exposed mice not receiving doxycycline therapy and was significantly greater than the doxycycline-treated, smoke-free mice (138±8%; P<0.0001) ( Figure 1A ).
Changes in expression levels of MMP-9 and MMP-12 mRNA in the aortas were measured by relative quantification real-time PCR. We have shown, in prior publications, that smoke exposure has no effect on expression of MMP-9 or MMP-12 in this model. 4 There was no significant change in MMP-9 expression in aortas with doxycycline treatment alone or with TS exposure in doxycycline-treated mice. Doxycycline treatment was associated with increased aortic MMP-12 expression, but TS exposure in doxycycline-treated mice resulted in no significant change in the expression of MMP-12 after EP ( Figure 1B  and 1C) . Using gelatin zymography of aortic tissue extracts, proteolytic bands corresponding to MMP-2 and MMP-9 were observed for all aortic tissue specimens. There were no discernible differences in the intensity of these proteolytic bands between smoke-free and TS-exposed mice ( Figure 1D ).
In characterizing the structural changes that accompany AAA development, elastase-induced AAAs were found to display both elastic fiber degradation and transmural inflammatory cell infiltration ( Figure 2B ). These changes were exacerbated in AAAs from smoke-exposed mice, with more extensive degeneration of elastin and increased aortic wall inflammation ( Figure 2C ). Treatment of smoke-free mice with doxycycline resulted in preservation of elastic fibers and a reduction in inflammatory cell infiltrates ( Figure 2D) ; however, the aortas from TS-exposed mice that had been treated with doxycycline ( Figure 2E ) demonstrated elastin fragmentation and medial inflammation similar to smoke-exposed animals without doxycycline treatment.
Using animals deficient in either MMP-9 or MMP-12, we evaluated the effects of TS exposure on AAA formation. In Figure 1 . Effect of tobacco smoke exposure on aneurysmal dilatation in animals treated with doxycycline. Doxycycline (A) is effective in inhibiting abdominal aortic aneurysm development in the smoke-free animals, which underwent elastase perfusion. However, when the mice were exposed to tobacco smoke regularly beginning 2 weeks before aortic perfusion, doxycycline is no longer effective in preventing the aortic dilatation. Graphs (B and C) depict the relative aortic tissue expression of matrix metalloproteinase (MMP)-9 and MMP-12 mRNA in doxycyclinetreated (n=4) and untreated (n=10) mice (B) and the relative mRNA expression in doxycycline-treated mice with (n=4) and without (n=6) tobacco smoke exposure (C). Zymography (D) was performed on protein extracts from 4 aortas taken from each experimental group. There was no effect of either doxycycline or smoke exposure on the zymographic bands produced by MMP-9 or MMP-2. N.S. indicates not significant.
smoke-free MMP-9
−/− C57/Bl6 mice (n=4), there was a dramatic decrease in the extent of aortic dilatation compared with WT animals (81±4%; P<0.0001). When MMP-9 −/− animals (n=7) were exposed to TS and EP, the aortic dilatation was significantly greater (116±4%; P<0.0005) and was statistically indistinguishable from the dilatation in smoke-free, WT controls ( Figure 3A ). These effects of smoking were confirmed in 129/SvEv strain mice that were also MMP-9 −/− (Figure I in the online-only Data Supplement). In smoke-free animals, the absence of MMP-12 (n=7) was associated with a significant reduction in aortic dilatation (96±2%; P<0.0001) compared with WT, an effect overcome by concomitant exposure to TS (n=9) resulting in significantly larger AAAs (122±4%; P<0.0002) similar to those observed in WT mice ( Figure 3A) . By histology, the exacerbation of elastin loss by smoke exposure in MMP-9 −/− animals was similar to the effect of smoke exposure on the aortas of animals treated with doxycycline ( Figure 3B ).
Although research in AAAs has focused primarily on the role of elastolytic enzymes of the MMP-family, serine and cysteine enzymes may also play a role. [10] [11] [12] [13] [14] We found that smoke-free mice with targeted deletion of NE (n=11) exhibit a significant reduction in aneurysmal dilatation after EP (98±3%; P<0.02) compared with WT mice. However, as with the MMP −/− mice, the AAAs that developed in the TS-exposed mice (n=13) were significantly larger (133±7%; P<0.001) than the smoke-free knockout mice. With Cathepsin-S −/− mice, aneurysmal dilatation after EP in smoke-free animals (n=6) was not significantly reduced compared with WT (108±8%, P=N.S.), but concomitant TS exposure (n=9) nevertheless resulted in a significant increase in %ΔAD (147±14%, P<0.03; Figure 3C ).
Smoke Exposure Durably Enhances AAA Development
Male C57/Bl6 mice were exposed to smoke for 2 (n=4), 4 (n=6), or 6 weeks (n=6). Controls were maintained in identical housing without TS for 2 (n=14), 4 (n=6), or 6 weeks (n=7) before EP. All mice then underwent EP, and none of the mice were exposed to TS after EP. For reference, a separate group of 2-week TS-exposed mice (n=19) continued TS after EP. We found that 4 or 6 weeks of TS exposure resulted in significantly larger AAAs at 14 days after EP than mice that had not been maintained in smoke-free conditions ( Figure 3D ). Images are representative sections of aortas after elastase perfusion (EP) stained with an elastin-specific stain. Section A is from a normal aorta. Sections B−E were harvested from animals 14 days after EP. In animals unexposed to tobacco smoke (TS) and untreated with doxycycline, there is modest elastin loss and inflammatory cell infiltration (B). This effect is exacerbated by TS (C). When treated with doxycycline, the aortas derived from the room air−exposed mice showed relatively minimal elastin damage (D). There was no effect of doxycycline on the aortic histology in the smokeexposed mice (E).
To evaluate whether the effects of smoke exposure on AAA development were durable in the long term, experimental mice were exposed to TS for 6 weeks, then kept without TS for a smoke-free interval (SFI) of 0 (n=6), 2 (n=6), 4 (n=6), or 6 (n=5) weeks before EP. Smoke-free littermate controls were maintained for 6 (n=6), 8 (n=6), 10 (n=6), or 12 (n=5) weeks before EP. After EP, none of the mice were exposed to TS. Urine from a subset of animals was analyzed for cotinine at the time of EP or at the time of harvest. All mice exposed to TS, regardless of the SFI, developed significantly larger AAAs at 14 days after EP than the smoke-free animals ( Figure 3E ). The effect did appear to become less prominent as the SFI increased after smoke cessation. The mean cotinine concentration in the urine of the animals after 6 weeks of TS was 106 ng/mL but had returned to background levels by 6 weeks after cessation of smoke exposure ( Figure 3F ).
Inflammation and elastin content of the harvested aortas were graded on a 0 to 4 scale by pathologists blinded to the experimental exposures of the animal. In a multivariable analysis, we found that there was no significant effect of smoking or the SFI on the degree of inflammation. Smoke exposure did significantly decrease (P<0.04) the amount of elastin in the wall of aorta at harvest. There was no significant effect of the duration of the SFI on the degree of elastin destruction in the wall of the aorta among the smoke-exposed mice.
Effects of TS on Nonaneurysmal Aortic Tissue
To evaluate the effect of smoking alone (without EP) on the ultrastructure of the elastic fibers in the aortic wall at high resolution, 3 mice were TS exposed for 6 weeks and 3 littermates were smoke-free controls. No other manipulations of the aortas were performed. After the 6 weeks, the animals were euthanized and the aortas harvested and prepared for electron microscopy. In both smoke-free and smoke-exposed aortas, the elastic fibers showed a solid core of elastin with extensions projecting toward the adjacent smooth muscle cells, similar amounts of intervening extracellular matrix (such as collagen fibers), and normal appearing cell-elastin contacts (Figure 4) . Importantly, the aortic walls from the 2 conditions were indistinguishable to a blinded observer.
To evaluate the effect of smoke exposure on the oxidative stress and oxidation of the aorta, we assayed aortic tissues for Heme Oxygenase-1 by Western Blot and performed an assay for thiobarbituric acid reactive substances. There was no significant difference in the presence of either of these markers in the aortic tissue taken from animals after 6 weeks of smoke exposure ( Figure II in the online-only Data Supplement). −/− animals, aortic elastin fibers were relatively intact with minimal inflammation, whereas in smoke-exposed animals there was considerable elastin degradation. As with MMP elastases, the absence of either cathepsin-S (Cat-S) or neutrophil elastase (C) did not inhibit the increased %Δ aortic diameter (AD) induced by smoke exposure. Aortic dilatation was evaluated in mice exposed to 2, 4, or 6 weeks of tobacco smoke (TS; and smoke-free controls) that underwent EP and were maintained in smoke-free conditions until harvest (D). Four weeks of TS was sufficient to enhance AAA after EP. Animals exposed to 6 weeks of TS (or 6 weeks of smoke-free conditions) were then maintained in smoke-free conditions for 0, 2, 4, or 6 weeks before EP and were harvested at day 14 (E). Remote smoke exposure resulted in larger aneurysms in all groups. The cotinine (F) in the urine of the animals declined rapidly after smoke cessation and was indistinguishable from smoke-free mice by 6 weeks after perfusion. December 2012
Leukocyte Transfer From Smoke-Exposed Animals Promotes AAA in Smoke-Free Animals
Preliminary studies were performed to determine whether adoptively transferred leukocytes would localize to the AAA wall during aortic aneurysm development. Total leukocyte populations from peripheral blood, spleen, and bone marrow were harvested from somatic GFP-expressing mice. These cells were washed and adoptively transferred into WT smoke-free mice that underwent model AAA initiation. Transfers were conducted either 2× (day −1 and day +3 relative to EP) or 4× (days -5, −1, +3 and +5). At day 14 after EP, the aorta, spleen, and peripheral blood of the animals were harvested.
Flow cytometry of the fresh cells derived from the spleen, aorta, and peripheral blood of the mice (n=3 each) receiving adoptive transfer of cells confirmed that 4 infusions of leukocytes from GFP mice resulted in significantly more GFP+ cells in all 3 tissues than in the tissues from animals receiving only 2 infusions of leukocytes ( Figure 5A ). Paraffin-embedded aortas were sectioned and immunostained for GFP. We found GFP-positive mononuclear cells in both the spleen and aortic tissue ( Figure 5B ). There appeared to be qualitatively more cells in the 4× transfer recipient compared with the 2× transfer recipient mice.
Two groups of WT C57/Bl6 mice were either exposed to TS for 6 weeks, or maintained in smoke-free conditions, concurrently. The leukocytes were harvested, washed, and adoptively transferred using the 4× schedule to smoke-free recipient C57/Bl6 mice that underwent model AAA initiation with EP. A recipient mouse received only transfers from either smoke-exposed or smoke-free mice for all 4 transfers. At day 14 after EP, aneurysms were significantly larger in animals that received adoptive transfers from the smoke-exposed mice (n=10) compared to the aneurysms in the animals that received adoptively transferred cells from smoke-free mice (n=8; Figure 5C ).
Smoke Exposure Alters the Population of Leukocytes in Model Aneurysms
Animals were exposed to TS (n=6) or smoke-free conditions (n=6) for 4 weeks before EP and continued with the same exposure group until harvest at 2 weeks after EP. At the time of euthnasia, the cells of the aortas, spleens, and periaortic lymph nodes were harvested and analyzed by flow cytometry for markers of leukocytes (CD45), T cells (CD3), granulocytes (Ly6G), and macrophages (f4-80). The total number of leukocytes constituted 3.3±0.7% of the cells in the aneurysms of smoke-exposed animals and 1.4±0.4% of cells in the smoke-free animals (P=0.07). In the smoke-exposed animals, the percentage of cells that were CD3+ was significantly Figure 4 . Electron microscopic analysis of the aortic wall. Mice were kept smoke-free or exposed to smoke for 6 weeks before the aortas being harvested and prepared for electron microscopy. Vessels were analyzed in both cross section (A and B) and longitudinal section (C and D) because the elastic laminae show a different appearance in the different orientations. No discernible differences were seen within the aortic walls of smoke-free (A and C) and smoke-exposed (B and D) mice with respect to elastic fiber ultrastructure, surrounding matrix or cell−elastin interactions. Bar in A=2 µm. Figure 5 . Adoptive transfer of cells from smoke-exposed mice enhances abdominal aortic aneurysms (AAA) development in smoke-free mice. Washed leukocyte preparations were infused from animals, which constitutively express green fluorescent protein (GFP) into otherwise syngeneic wild-type C57/Bl6 mice. Transfers were conducted either 2× or 4×. At day 14 after elastase perfusion (EP), the aorta, spleen, and peripheral blood of the recipient animals were harvested. By flow cytometry (A), there were significantly more GFP cells found in the aortas and peripheral blood of animals receiving 4 rather than 2 infusions of cells. Immunohistology for GFP confirmed localization of adopted cells to the aneurysm. The recipients of leukocytes from smoke-exposed mice developed significantly larger AAAs than mice that received transfers from smoke-free animals (C).
greater than that in the smoke-free animals ( Figure 6A ), and we identified a similar finding in the splenic tissue of these animals ( Figure 6B ).
Immunohistology for lymphocytes (CD5 for T cells and B220 for B cells) was performed on sections of aortic aneurysms from smoke-exposed and smoke-free mice ( Figure  6C-6F) . Consistent with the flow cytometry data, there is an increase in CD5-positive cells apparent in the wall of aortas taken from smoke-exposed animals. These cells were principally found in the outer media and inner adventitia, and there were no differences in the localization of the lymphocytes in the aneurysm wall between smoke-exposed and smoke-free animals.
Discussion
A remarkably strong clinical association exists between cigarette smoking and aortic aneurysm disease. The relative risk of developing an AAA among chronic smokers is as high as 800%, at least 2.5× greater than the relative risk of coronary artery disease, and is exceeded only by pulmonary malignancy and emphysema. 1 The clinical epidemiology of AAAs has also shown that remote exposure to TS, despite smoke cessation, can promote AAA development in subsequent years. In these studies, we have evaluated the fidelity of our novel model with the clinical disease, as well as evaluated 3 potential mechanisms of this effect in a novel animal model: enhanced MMP protease activity, alterations of aortic wall, and alterations of leukocyte function.
When we assessed the impact of smoking cessation on model AAA development, we found that, like the clinical disease, enhancement of AAA development is not dependent on the ongoing exposure to inhaled smoke. Moreover, after relatively modest initial exposure to TS, the enhanced development of the AAA persists even after smoke exposure has stopped and no long-lived metabolites of the exposure are detectable at the time of EP.
Based on inferences from available evidence, others have suggested in more indirect studies that increased MMP activity links smoking to AAA. 15 Elastolytic metalloproteases, such as MMP-9 and MMP-12, have been of particular interest with respect to the loss of medial elastic fibers, a characteristic feature of AAAs. MMP-9 production and activity are substantially elevated in human AAA tissue, and mice with MMP-9 deficiency are resistant to the induction of experimental AAAs. 7, 16, 17 MMP-12 is also elevated in human AAA tissue, where it is localized to residual elastic fibers in the media. 18 In addition, MMP-12 appears to be critical for AAA development in some experimental models, 19 and MMP-12 expression is upregulated in the mouse lung by TS exposure, and it plays an important pathophysiologic role in smoke-induced experimental emphysema. 20 Previous studies have shown that MMP inhibition or deficiency consistently suppresses the development of AAA in experimental models, including EP-induced AAAs. 7, [21] [22] [23] [24] Yet in this smoke-enhanced model, we found that the suppression of AAAs with pharmacological inhibition of MMP activity by doxycycline was overcome by concomitant TS exposure. We also found that there were no consistent changes in the expression of MMPs in the aorta that could account for the TS-induced enhancement of aneurysmal dilatation. At the protein level, we also found that aortic wall MMP-9 and MMP-2 activity was unaffected by TS exposure. Similar to our findings with doxycycline treatment, we also found that TS exposure in both MMP-9 −/− and MMP-12 −/− mice results in significantly larger AAAs. The aneurysms that developed in these animals after TS exposure were comparable in size and histological appearance to the AAAs that occurred in WT controls. These findings strongly suggest that the adverse effects of TS exposure on aortic wall inflammation, extracellular matrix, and AAA development are independent of MMP activity.
Alternative enzyme classes that might participate in enhanced aortic wall injury in the setting of TS exposure Figure 6 . Leukocyte populations in the wall of experimental abdominal aortic aneurysms (AAA). Aortic tissue was harvested from mice after 6 weeks of smoke exposure (or smoke-free conditions) with aortic elastase perfusion (EP) 2 weeks before harvest. Flow cytometry was performed with antibodies to CD45 (total leukocytes), CD3 (T lymphocytes), Ly6G (neutrophils), and f4-80 (macrophages). The subpopulations of leukocytes in the spleen (A) and aorta (B) are shown as a percentage of total leukocytes. Immunohistology was performed with markers for T cells (CD5; C and D) and B cells (B220; E and F). The T cells were found primarily at the outer edge of the media with some cells also found within the media. The B cells were primarily seen in the adventitia. Although an increase in total T-cell numbers in smoke-exposed animals was evident on histology, there was no difference in the localization of these cell types based on smoke (C and E) or smoke-free conditions (D and F) .
include serine or cysteine proteases. A strong association has been found between cysteine proteases in both human AAAs and animal models, and it has been suggested that these enzymes may work cooperatively with MMPs to damage structural extracellular matrix proteins. 25 Cathepsin-S is a particularly potent AAA-associated elastase 25 discovered because of its increased production and activity in response to TS exposure in the lung. 26 Similarly, serine proteases, such as NE, have been long thought to play a role in the elastolysis central to pulmonary emphysema in smokers. 27 Recent data have also accumulated that neutrophils and NE play an important role in model AAA development. 13, 14 Therefore, it was surprising that neither NE nor Cathepsin-S deficiency exhibited any suppression of model aortic dilatation in response to TS exposure. Although this finding does not exclude the possibility that other serine or cysteine proteases may mediate aortic wall damage induced by TS exposure, it reinforces the likelihood that the mechanism promoting AAA during TS exposure is distinct from that occurring during AAA development in smoke-free mice.
Because the effect of smoke exposure was durable long after smoke cessation, we looked for alterations in the aorta induced by TS that might predispose to a greater effect of EP on AAA growth. To evaluate whether the mechanism of the smokeenhanced AAAs was a result of intrinsic changes to aortic wall structure or organization, we examined aortas from smokeexposed and smoke-free animals by electron microscopy. No detectable changes to the aortic wall matrix (particularly the elastic fiber) or cell-matrix interactions were found when the animals were exposed to smoke alone. Although others have found changes in human vascular smooth muscle cells from aneurysms consistent with oxidative stress, 28 we found smoke exposure alone was not responsible for any increase in the amount of thiobarbituric acid−reducing substances or production of Heme-Oxygenase 1, markers of oxidation/ oxidative stress, which have been shown to be increased in the lungs of smokers. 29, 30 We also hypothesized that the effect of smoke on AAA may be the result of an altered inflammatory response. Using adoptive transfer experiments, we have been able to uniquely demonstrate that in vivo smoke exposure of leukocytes can exacerbate aneurysm disease in a smoke-free animal. We also found the proportion of T cells in the aneurysms of smokeexposed mice was increased compared with smoke-free mice. Although it is possible that some tobacco-related compounds might have remained with the leukocytes during transfer, it is unlikely that these would have resulted in the effects observed because of the findings that minimal exposures to TS (≤ 2 weeks) are not sufficient to cause enhanced AAA development in the absence of ongoing smoke exposure. These findings also confirm that smoke-induced alterations in the aorta itself are not necessary for the enhanced development of AAA by TS.
With these studies, the effect of TS on AAA development appears to be primarily related to altered inflammatory cell function acting to enhance matrix damage through MMPindependent pathways. There have been a number of studies that have defined alterations in immune cell function and markers in smokers or after smoke exposure in animals. 31 There is evidence that smoke exposure can both enhance [32] [33] [34] and inhibit immune function. 35, 36 For example, in smokers, there is increased soluble intracellular adhesion molecule-1 and altered numbers of monocyte and lymphocyte populations in peripheral blood. 37, 38 Others have found that in mice, smoking causes relative T-cell anergy possibly related to impaired intracellular signal transduction. 39 Because of the variety of known effects of smoke exposure on modulating the function of a wide variety of immune cell types, we casted a relatively wide net with the leukocyte preparation from the donor animals to be certain that we would not miss an effect. The crude preparation of leukocytes used in the project to define this novel mechanism of aneurysm development will need to be refined in future studies. We expect that this novel model will allow us to define the alterations induced by TS in leukocytes, as well as determine the unique matrix degrading activities. More broadly, these findings suggest that the mechanisms underlying other smoking-associated inflammatory vascular diseases, such as atherosclerosis, may remain to be fully elucidated.
